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Introduction
The Pliocene (5.3-2.6 Ma) is characterized by an atmospheric CO 2 concentration of 350-450 ppm and global mean sea surface temperature (SST) 2-3°C higher than preindustrial [Bartoli et al., 2011; Dowsett et al., 2013; Martínez-Botí et al., 2015; Seki et al., 2010] . The configuration of the continents was similar to the present, although not all ocean gateways had reached the modern state [Hill, 2015] . The West Antarctic and Greenland ice sheets were substantially smaller, in line with global sea level estimates ranging from 10 to 40 m above present [Raymo et al., 2011] . At orbital timescales, the early Pliocene is characterized at a global scale by lower amplitude climate variability relative to the latest Pliocene and Quaternary [Federov et al., 2006; Lisiecki and Raymo, 2005] , when Northern Hemisphere glaciation intensified. In the Nordic Seas, the effects of the intensification of the Northern Hemisphere glaciation are seen by a large increase in the deposition of icerafted debris between 3 and 2.6 Ma [Fronval and Jansen, 1996] . With the emergence of more data that cover parts of the Pliocene epoch at higher resolution, a more variable picture of Pliocene high-latitude climate has appeared at orbital and suborbital timescales, both on land [Brigham-Grette et al., 2013] and in the ocean [Bachem et al., 2016; Bolton et al., 2010; Federov et al., 2013; Lawrence et al., 2009] .
The Nordic Seas encompass a complex region characterized by large horizontal and vertical temperature and salinity gradients related to the interaction between Atlantic and polar water masses [Blindheim and Østerhus, 2005; Furevik and Nilsen, 2005] . Due to processes contributing to "Arctic amplification," the high northern latitudes are expected to experience stronger warming than the low latitudes under a globally warmer climate [Miller et al., 2010] , including during the Pliocene epoch. The Nordic Seas link the North Atlantic and Arctic Oceans, and the region is a dynamic part of the global oceans that is important for understanding the overturning circulation, poleward heat transport, and hence Arctic amplification. Despite the importance of the Nordic Seas region in governing large-scale climate, it is poorly characterized in Pliocene paleoceanography. Existing Pliocene data from the Nordic Seas indicate persistently warmer than present sea surface temperatures (SSTs) at the Iceland Plateau and the Yermak Plateau [Bachem et al., 2016; De Schepper et al., 2015; Knies et al., 2014a; Robinson, 2009; Schreck et al., 2013] . Early Pliocene palynomorphs and ostracods found in the Tjörnes sequence in Iceland indicate warmer than present conditions [Cronin, 1991; Verhoeven et al., 2011] , while mollusc δ
18 O indicate periods with temperatures comparable to modern (circa 4.7-4.4 Ma) and
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warmer than modern (prior to circa 4.7 Ma) [Buchardt and Símonarson, 2003] . However, no suborbitally resolved records providing information on the long-term Pliocene paleoceanography of the Nordic Seas have so far been published.
Since the Pliocene is considered to be the closest past analogue to the predicted future warm climate when it comes to climatic boundary conditions , and given the importance of the Nordic Seas region for understanding high-latitude responses to global warmth, we aim to investigate the climatic and oceanographic development of the eastern Nordic Seas during the Pliocene and to consider how the Pliocene climate and oceanography of the eastern Nordic Seas may differ from the present interglacial. As the new data here span most of the Pliocene epoch, we aim to investigate the potential linkages between the eastern Nordic Seas climatic and oceanographic development through the Pliocene with known changes in driving mechanisms and forcing, including paleogeography, Arctic sea ice cover, the onset or intensification of Northern Hemisphere glaciation, insolation, and atmospheric CO 2 concentrations. To achieve this aim, we present new suborbitally resolved planktic and benthic δ 18 O and δ
13
C records from Ocean Drilling Program (ODP) Hole 642B (Vøring Plateau). The focus is to reconstruct and determine the oceanographic changes that took place in the Nordic Seas over the Pliocene, and assess the causes behind the observed changes, by creating evidence of changing ocean properties at both the sea surface and at depth (~1300 m below the sea surface).
Present-Day Nordic Seas Oceanography
The Norwegian Atlantic Current (NwAC) brings warm and salty Atlantic water masses from the North Atlantic through the Nordic Seas toward the Arctic [Orvik and Niiler, 2002] , while polar water is transported southward from the Arctic Ocean in the East Greenland Current (EGC) (Figure 1 ). The NwAC gradually loses its heat to the atmosphere and becomes denser as it moves northward. The Atlantic water (AW) is modified and becomes increasingly dense as it moves in the subsurface through the Return Atlantic Current (RAC), and through the Fram Strait and the Barents Sea into the Arctic Ocean, ultimately returning as distinct layers of the EGC. The RAC-and Fram Strait-derived water feeds the Denmark Strait overflow, while the water derived from the Barents Sea branch ultimately feeds the Iceland-Scotland overflow [Mauritzen, 1996] . The main currents are strongly steered by topography, and strong temperature and salinity gradients are set within the upper water column both in the N-S and E-W directions (Figure 1 ). At the Vøring Plateau the AW layer (7.0-9.5°C; 35.1-35.3 practical salinity unit (psu)) is 500-600 m thick [Blindheim and Østerhus, 2005; Mauritzen, 1996] . Between the AW and the deep bottom water (34.91 psu; <0.5°C; deeper than approximately 1100 m), Arctic Intermediate Water is seen as a salinity minimum zone (34.7-34.9 psu; À0.5-0.5°C) [Blindheim and Østerhus, 2005] .
Material, Age Model, and Methods
Ocean Drilling Program Hole 642B was drilled during ODP Leg 104, at the Vøring Plateau in the eastern Nordic Seas (67°13.5′N, 2°55.7′E, 1286 m water depth) (Figure 1 ). We have investigated the Pliocene section of Hole 642B. We chose to investigate Site 642 since it is the only site from the Nordic Seas where foraminifera-based Pliocene records can be obtained; Nordic Seas Sites 907 and 643 are barren of foraminifera during the Pliocene due to dissolution [Fronval and Jansen, 1996] , and Vøring Plateau Site 644 only recovers the last 3 Ma [Shipboard Scientific Party, 1987] . Therefore, the records presented here provide unique information for the Nordic Seas region through the Pliocene.
A hiatus was previously identified near the 104-642B-8H/9H core section boundary, corresponding to the younger part of the Pliocene [Bleil, 1989; Spiegler and Jansen, 1989] . We have identified that the core is barren of foraminifera between 88.43 and 83.61 m below seafloor (mbsf). Our study thus focuses on core sections 10H6 through 9H1, between 83.61 and 66.94 mbsf or between 5.05 and 3.14 Ma according to our age model. The core is sampled every 1 cm from 9H1, 53-54 cm through 9H2, 130-131 cm (233 samples) and at least every 5 cm from 9H2, and 130-131 cm to 10H6, 20-21 cm (473 samples). Due to previous sampling of the core, no material was available for analysis in the intervals 9H3, 120 to 150 cm, 10H4, 135 to 150 cm, and 9H2, 0 to 10 cm.
Our age model for the Pliocene section of Hole 642B is primarily based on the magnetic stratigraphy of Bleil [1989] with ages updated to ATNTS2012 [Hilgen et al., 2012] Figure 3 and Table 1 ). The uncertainty related to the LR04 stack is considered to be 40 ky between 5 and 4 Ma and 15 ky between 4 and 3 Ma [Lisiecki and Raymo, 2005] . The uncertainty related to the timing of the magnetic reversals is argued to be half the age difference between the two adjacent samples that record the reversal [De Schepper and Head, 2008] . In the case of Hole 642B this will be less than 5 ky. Biostratigraphical information from dinoflagellate cysts supports our updated age model [De Schepper et al., 2015] .
Comparing our Hole 642B benthic δ 18 O with the LR04 stack, it is clear that even though the pattern of variability and amplitude of change is similar through large parts of the record (Figure 3 ), absolute benthic δ 18 O values are higher in our Nordic Seas record than in LR04, and the long-term trends also differ ( Figure 2 ). The pattern of variability is most different in the early Pliocene, where we have the lowest sampling resolution. For this part of the record we build the chronology solely on the identified paleomagnetic reversals, since the different frequency of δ 18 O signals between the Hole 642B and LR04 could reflect sampling resolution and/or local signatures over our new data, both of which could lead to inappropriate age assignment if we attempted to tune the two data sets.
Based on our new chronological framework, the sedimentation rates are between 2 and 20 cm/ky (Figure 2) . Sedimentation rates at the Vøring Plateau are known to show large changes at specific sites with changing [Dokken and Jansen, 1999; Dreger, 1999; Risebrobakken et al., 2003] , dependent on the changing strengths of local bottom water currents under different climate regimes and how that influences the location of the main deposition centers. The changes in sedimentation rates recorded in Hole 642B are smaller than the changes known to take place between late Quaternary glacials and interglacials in the same area, as expected before the onset of large-scale Northern Hemisphere glaciations. Hence, the changes in sedimentation rates observed in Hole 642B are considered realistic for the area and time interval investigated.
Marine isotope stage M2 is the earliest well-defined Pliocene glacial period seen in the LR04 stack [Lisiecki and Raymo, 2005] and through well-defined ice-rafted debris (IRD) peaks at the Iceland and Yermak Plateaus NORDIC SEAS-PLIOCENE CLIMATE CHANGE 1157 [Jansen et al., 2000; Knies et al., 2014b] . MIS M2 is also a well-pronounced glacial in the North Atlantic [De Schepper et al., 2013] . At Hole 642B, the benthic δ 18 O signal is no heavier than at several other occasions earlier in the Pliocene and no IRD is seen during MIS M2 [Jansen et al., 1990] . One possibility is that this reflects a minor hiatus over the most extreme part of MIS M2 or alternatively that M2 was a less extreme event locally than expressed in other regions. Another possibility to be considered is that overgrowth of diagenetic calcite may have made the older glacials, e.g., MIS Gi20 and Gi6 (Figure 2 ), appear artificially heavy and thus reduced the amplitude of the signal for MIS M2 (see discussion in section 5.1).
Planktic and benthic δ 18 O and δ 13 C were measured in Bergen, using Finnigan MAT 252 and MAT 253 mass spectrometers equipped with an automatic preparation line ("Kiel device"). All foraminifera were picked from the >150 μm fraction then crushed and cleaned with methanol, using an ultrasonic bath, before being undertaken for this study, 5 were analyzed on single specimens. The Pliocene planktic foraminifera fauna in Hole 642B is dominated by Neogloboquadrina atlantica, a species that is extinct today [Poore and Berggren, 1975] . Planktic isotope measurements are therefore undertaken on Globigerina bulloides since it is the planktic species that we know from the present day and which is also available in most samples. Cassidulina teretis is a commonly used benthic species for isotope analyses in the Nordic Seas and is present through the investigated time interval. Furthermore, we have Holocene reference data available from the study area for both G. bulloides and C. teretis (Table 2 ).
The analytical uncertainty is ±0.08‰ and ±0.03‰ for oxygen and carbon isotopes, respectively. All results are reported in ‰ versus Vienna Peedee belemnite (VPDB), using National Cassidulina teretis calcifies close to equilibrium [Jansen et al., 1988] . Therefore, no correction for departure from isotopic equilibrium is applied for δ 18 O C.t. The stable isotope records are smoothed using a five-point running mean average, to better visualize the long-term trends that are the focus of this study.
The resulting measurements integrate information on a time span longer than any instrumental record, and core top measurements are not representative of the range of variability that exists within a warm climate. To include information on the range of variability occurring within a warm interglacial period, we compare our Pliocene isotope records to Holocene (0-9 ka) reference values from isotope records measured on the same species in Vøring Plateau core MD95-2011 (66°58.19 N, 7°38 .36E, 1048 m water depth) [Dei Tos, 2011; Risebrobakken et al., 2011; B. Risebrobakken, unpublished carbon isotopes data, 2016] (Table 2 ).
An ice volume correction is applied to the δ 18 O time series so that the records are influenced by the same factors when comparing the Pliocene and Holocene. The global sea level is estimated to have been 10-40 m higher than today at about 3 Ma [Raymo et al., 2011] , largely due to the reduced size of the West Antarctic and Greenland ice sheets. The exact ice volume changes through the Pliocene are, however, not known. The global benthic δ 18 O stack, LR04 [Lisiecki and Raymo, 2005] , gives a first-order estimate of ice volume changes, even though a smaller temperature component is also present. We follow the approach of Miller et al. [2012] , calculating the residual between all LR04 Pliocene δ 18 O values and the modern-day δ 18 O of LR04; ice volume is assumed to be responsible for 67%, and temperature 33%, of the residual δ 18 O signal, consistent with the Pleistocene glacial-interglacial changes [Fairbanks, 1989] . We also calculated the end-member assumptions of 50:50 and 80:20 ice volume:temperature to illustrate the likely error ranges associated with subtracting a ice volume contribution to our benthic δ 18 O data [Miller et al., 2012] . The calcu- Figure 4 ). The corrected records represent a mixed temperature and salinity signal, and hence density, of the respective water masses.
In sections 4 and 5 we will focus on these ice volume-corrected records.
Results
The following general characteristics are identified based on the smoothed Hole 642B δ When entering the second climate phase, CP2 (4.65-4.4 Ma), the sediment becomes almost barren of foraminifera. Very few measurements are available, and the climatic and oceanographic conditions of this interval cannot be well defined (Figure 4 ). CP2 is, however, defined as a specific phase due to the low numbers of foraminifera in the sediment, which distinguishes it from the previous and following CP. Furthermore, the icerafted debris (IRD) record from the same core shows that CP2 is marked by very little variability [Jansen et al., 1990] , hence supporting the interpretation of this interval as different from CP1 and CP3 (Figure 4 ). Through CP2, a gradual increase in δ 18 O C.t. , δ
18
O G.b. , and δ 13 C C.t. is indicated, while δ 13 C G.b. indicates a gradual decrease.
The onset of the third climate phase, CP3 (4.4-4.0 Ma), is defined by the renewed presence of foraminifera in high enough numbers to sustain more regular stable isotope measurements and a return to large peaks in IRD (Figure 4) . However, the onset of CP3 is the least well defined of the detected climate phases. O occasionally indicate colder SSTs than present, in contrast with SST estimates from other proxies and model runs that indicate higher than present temperatures [Williams et al., 2005] . It is suggested that these seemingly cold temperatures resulted from diagenetic calcite formed in cool seafloor sediment pore waters [Williams et al., 2005] . Adding diagenetic calcite with characteristics of the much colder seafloor sediment pore water after deposition will increase the δ 18 O of the planktic foraminifera shells [Kozdon et al., 2013] Scanning electron microscope pictures were taken of G. bulloides specimens which represent different extremes in the δ 18 O G.b. record. The SEM pictures show that none of the investigated specimens can be considered pristine, and the degree of overgrowth is profound for several of the specimens, e.g., pictures 3, 6, 7, and 9, related to CP1, CP4, CP5, and CP7 ( Figure 5 pictures also show that the influence of diagenetic calcite has varied through time, rather than being stable or getting gradually worse with increasing sample age. Therefore, the absolute amplitude of change seen in the δ 18 O G.b. record should also be questioned, since some of the observed variability could reflect differing degrees of planktonic foraminifera diagenesis.
We also examined shell weight changes for the measured G. bulloides specimens for evidence of diagenesis.
In Hole 642B, we do not have enough specimens in each sample for a statistically sound shell weight analysis [e.g., de Villiers, 2003]; however, the total sample weight and number of specimens used for each isotope measurement provide a rough estimate. This G. bulloides shell weight estimate also shows distinct changes through time ( Figure 5 ). Several of the larger changes in shell weight occur at the same time as the transitions between defined CPs, e.g., the CP1/CP2, CP3/CP4, and CP5/CP6 transitions. The heaviest shell weights are seen during CP1 and CP5 where severe overgrowth of diagenetic calcite is shown by the SEM pictures 3 and 7 (Figure 5 ), indicating that the high shell weight might be linked to the degree of added diagenetic calcite to the foraminifera shell. Severe overgrowth is, however, also indicated by SEM pictures 6 and 9, during CP4 and CP7, when rather low shell weights are registered. Hence, for Hole 642B the relationship between shell weight and degree of diagenetic overgrowth as indicated by the SEM pictures is not constant, but it is likely that heavy shell weights indicates enhanced overgrowth.
Furthermore, the isotope composition of foraminifera can also be influenced by the size of the measured specimens [Ezard et al., 2015] . Since the measurements have been undertaken on specimens >150 μm, the δ 18 O G.b. record might also be influenced by size-dependent effects. In other words, test size might be a common forcing factor when shell weight and δ 18 O G.b. covary. A high degree of scatter is, however, observed for G. bulloides oxygen isotope measurements, in general, independent of size [Ezard et al., 2015] , making it hard to infer how size-specific effects might have influenced our results. values or amplitude changes should be made using the data from Hole 642B, and any paleoclimate interpretations must be treated with uttermost caution. 5.1.3. Would Diagenetic Calcite Also Influence the δ 13 C G.b. , δ 18 O C.t , and δ 13 C C.t. ?
Since diagenetic calcite impacts planktic δ 18 O, one might expect a comparable effect on the δ 13 C G.b. . To our knowledge no Pliocene studies have examined the potential effect of diagenetic calcite on planktic δ 13 C, but for a Miocene study the diagenetic impact was shown to be within the range of natural surface water variability between the investigated sites . For every carbon atom in CaCO 3 there are three oxygen atoms, so any overgrowth should in theory affect carbon isotopes less than oxygen isotopes. Furthermore, if the carbon isotopes were influenced by diagenetic calcite in the same way as the oxygen isotopes, by adding calcium carbonate with the same characteristics as the shallow pore water, a reduced Δδ 13 C G.b.-C.t. relative to the Holocene would be expected by adding δ 13 C-depleted CaCO 3 to the planktic foraminifera. The opposite is the case for the Pliocene δ 13 C records, where a stronger contrast between the planktic and benthic δ 13 C is observed during the Pliocene compared to the Holocene (Figure 4) . Therefore, the δ 13 C G.b. values are likely similar to the original values derived from the surface waters, despite the impact of diagenetic calcite.
It is also likely that the benthic foraminifera were influenced by diagenetic calcite. However, the effect of diagenetic calcite on benthic δ 18 O and δ 13 C has been reported to be negligible, even when the foraminifera show some degree of textural changes due to recrystallization [Edgar et al., 2013; Voigt et al., 2016] . We therefore consider the δ 18 O C.t. and δ 13 C C.t. data sets to record trustworthy absolute values. However, given our evidence presented here for diagenetic effects, we emphasize that these records should also be considered with caution. 
Differences Between Pliocene and Holocene CaCO 3 Preservation
The strong influence of diagenetic calcite on the planktic foraminifera from Hole 642B may be related to differences in carbonate preservation between the late Pleistocene and the Pliocene. At deeper depths in the Nordic Seas (ODP Site 907, 1800 m) the Pliocene sediment is barren of foraminifera [Fronval and Jansen, 1996] , while the seafloor of the Nordic Seas lies entirely above the calcium carbonate compensation depth (CCD) at present and well-preserved foraminifera are found [Hebbeln et al., 1998; Henrich, 1986] , even though some dissolution may occur underneath the colder water masses of the Greenland Sea [Bauch et al., 2001] . Due to the contrast between the Pliocene and the present carbonate preservation in the Nordic Seas, it is reasonable to assume that the CCD was located deeper than Hole 642B (1300 m) during the Pliocene, but at a shallower depth than at present, since corrosive bottom water caused dissolution of carbonate at deeper depths in the Nordic Seas [Fronval and Jansen, 1996] . Episodes of foraminifer barren intervals within the Pliocene, e.g., prior to 5.1 Ma and in part during CP2, suggest that Hole 642B may be located at a water depth close to the limit of where it is possible to get Pliocene foraminiferal-based reconstructions from the Nordic Seas.
Implications for Other Studies
The potential implications of our results for other studies should be stressed; we have shown that a severe influence of diagenetic calcite may occur at high-latitude sites and that the degree of diagenetic overgrowth changes with time, even over rather short timescales. The effect of diagenetic calcite on planktic δ
18
O has previously been considered to be smaller at high-latitude sites with hemipelagic sediment than at tropical sites or sites from carbonate oozes [Pearson and Burgess, 2008; Pearson et al., 2001] , even though Williams et al. [2005] found no clear trend between latitude or sediment type in a transect of cores through the Atlantic Ocean. Most studies investigating the effects of diagenetic calcite have focused on older sediment, e.g., of Eocene age [Pearson et al., 2001; Sexton et al., 2006] . We show here that careful consideration is also required of Pliocene sediments, when considering using isotopic records to reconstruct water mass properties.
δ 13 C Proxy Interpretation
The δ 13 C records are used to indicate changes in past ocean-atmosphere gas exchange, ocean ventilation, primary productivity, and decay of organic matter. Strong gas exchange between the ocean and the atmosphere is expressed through enriched δ 13 C G.b. , as more 12 C is transferred to the atmosphere, while reduced ocean-atmosphere gas exchange is expressed by more depleted δ 13 C G.b ., due to temperature-dependent equilibration between the ocean and the atmospheric pCO 2 [Ravelo and Hillaire-Marcel, 2007] .
The Nordic Seas are presently one of the key deepwater formation sites and hence a well-ventilated ocean basin. If the ventilation of the Nordic Seas bottom waters were to decrease and more stagnant water would occupy the deeper parts of the basin, respiration will release CO 2 and consequently 12 C to the bottom water.
Hence, reduced ventilation of the bottom water will be expressed by more depleted δ 13 C C.t. . Δδ
gives an indication of the full water column at the site, with lower values indicating an improved subsurface to bottom water ventilation. More 12 C than 13 C is used during photosynthesis [Ravelo and Hillaire-Marcel, 2007] , causing increased δ 13 C in the water mass where the planktic foraminifera calcify, and hence, high primary productivity in the upper water column will cause enriched δ 13 C G.b. . Respiration of organic matter will release 12 C to the bottom water masses as noted above. Strong decay of organic matter may therefore deplete the δ 13 C C.t. , and hence, the Δδ 13 C G.b.-C.t. may also be influenced by biological processes.
Cassidulina teretis is a shallow infaunal benthic foraminifer species. The absolute values are thus not directly comparable with epifaunal Cibicidoides wuellerstorfi records from the North Atlantic [Hodell and Venz-Curtis, 2006] . Therefore, we only use the δ 13 C C.t. record at Hole 642B to investigate local changes in ocean ventilation and respiration of organic matter and to consider how these were different between the Pliocene and the Holocene.
Overarching Differences Between Pliocene and Holocene Climatic and Oceanographic Conditions in the Eastern Nordic Seas
Based on the generalized characteristics of the Hole 642B stable isotope records, it can be concluded that overall, the bottom waters of the Pliocene Nordic Seas were more dense (colder and/or saltier; see section 3 for more information on the link between δ
18
O and density) relative to the Holocene mean and that Paleoceanography 10.1002/2015PA002918 intensified ocean-atmosphere gas exchange took place in the upper water column (Figure 4) . At the same time, the low δ 13 C C.t. combined with the lack of carbonate at deeper depths [Jansen et al., 2000] implies weaker deep convection in the Pliocene relative to the Holocene (Figure 4 ). These overarching differences between the Pliocene and the Holocene can be linked to boundary conditions of importance for the Nordic Seas oceanography that were consistently different between the two periods. Specifically, we discuss the higher atmospheric CO 2 concentrations, a lower Greenland Scotland Ridge (GSR), and a subaerial Barents Sea.
The Pliocene atmospheric CO 2 concentrations were higher than the preindustrial, and a long-term decreasing trend is indicated in several studies [Badger et al., 2013; Bartoli et al., 2011; Martínez-Botí et al., 2015; Pagani et al., 2010; Pearson and Palmer, 2000; Seki et al., 2010] (Figure 6 ). Through its impact on radiative forcing of global climate, a modulating effect of CO 2 changes on long-term climate changes and an influence on the Pliocene background climate state is expected. The generally high Pliocene δ 13 C G.b. and interpreted strong ocean-atmosphere gas exchange in the Nordic Seas are consistent with overall high atmospheric CO 2 concentrations and associated warmer SSTs. The low temporal resolution and large range in the reconstructed CO 2 values makes it difficult to directly compare the new data from Hole 642B, but the lowfrequency climate variability recorded in the Nordic Seas is not reflected in the measured CO 2 data as presented. There are some similarities in the timing of the Nordic Seas climate transitions with shifts in a simulated CO 2 record [Stap et al., 2016] ; e.g., the warming in the Nordic Seas into CP7 corresponds with a CO 2 increase ( Figure 6 ). However, this simulation of atmospheric CO 2 relies on assumptions about the relationship between ice volume, sea level, and CO 2 , using an inverse routine to interactively calculate CO 2 concentrations from benthic δ 18 O. To better understand the potential role played by atmospheric CO 2 in the long-term variability expressed in the Nordic Seas, data will require the production of high-resolution CO 2 reconstructions.
The Greenland Scotland Ridge (GSR) was about 250 m deeper than today throughout the Pliocene [Poore et al., 2006] . Using the HadCM3 climate model, Robinson et al. [2011] showed that an 800 m deeper GSR sill depth strengthened and deepened the Atlantic Meridional Overturning Circulation (AMOC) and increased temperatures throughout the Nordic Seas water column. The generally dense bottom water documented by the Hole 642B record is not consistent with warming of the entire water column (Figures 4 and 6) . The lack of carbonate in the deep Nordic Seas, interpreted as an effect of reduced ventilation [Jansen et al., 2000] , is also inconsistent with a strengthened and deepened AMOC. Using a more realistic GSR sill depth (330 m deeper than today), Hill [2015] found the same warming pattern as Robinson et al. [2011] , but with a reduced amplitude. A 250 m deeper Pliocene GSR sill depth likely influenced the Nordic Seas oceanography in a constant way by increasing the surface temperatures. Based on new alkenone SSTs from the Norwegian Sea [Bachem et al., 2016] (Figure 5 ), the temperature estimate of Hill [2015] seems to be the most realistic for the late Pliocene. The exact effect in the deeper parts of the water column still needs to be better constrained, in light of the inconsistencies between our stable isotope records and the modeling results from Hill [2015] and Robinson et al. [2011] .
The Barents Sea was subaerially exposed throughout the Pliocene [Butt et al., 2002] , and the Canadian Arctic Archipelago was closed [Matthiessen et al., 2009] . Hence, the Fram Strait and the Bering Strait were the only open gateways to the Arctic Ocean. Presently, the Barents Sea is one of the main pathways of Atlantic water transport toward the Arctic and an area of substantial heat loss to the atmosphere [Smedsrud et al., 2013] . Through brine water formation, the Barents Sea contributes to the formation of the densest fraction of the North Atlantic Deep Water. If the Barents Sea is land, as during the Pliocene, the bifurcation of the NwAC is hampered, in turn increasing heat transport to the Arctic Ocean through the Fram Strait [Butt et al., 2002; Hill, 2015] . Increased heat transport to the Arctic Ocean and decreased influence of brine water as a factor for deep water formation may have had wider climatic and oceanographic implications, e.g., through reduced deep water ventilation. Reduced Pliocene deep water ventilation in the Nordic Seas is supported by our data and previous studies, suggesting a vigorous circulation in the upper water column, but no strong deep convection (Figures 4 and 6 ) [Jansen et al., 2000] . Furthermore, our data from Hole 642B support the model study by Hill [2015] , who identified reduced AMOC strength even though the heat transport to the Arctic Ocean increased as a response to a subaerial Barents Sea. [Badger et al., 2013; Bartoli et al., 2011; Martínez-Botí et al., 2015; Pagani et al., 2010; Pearson and Palmer, 2000; Seki et al., 2010] . The different colors represent the different references (powder blue [Bartoli et al., 2011] , neon purple [Pearson and Palmer, 2000] , sky blue [Badger et al., 2013] , blue [Seki et al., 2010] , red [Pagani et al., 2010] , and black [Martínez-Botí et al., 2015] ). (c) Simulated pCO 2 [Stap et al., 2016] , (d) eccentricity [Laskar et al., 2004] , and (e) June insolation at 65°N. O G.b. record is strongly influenced by secondary processes (section 5.1) and should only be considered with high level of caution. The largest IRD peak, circa 4.8-4.9 Ma (Figure 4 ), corresponds to a globally recognized glaciation event [De Schepper et al., 2014] , supporting temperature as a driver behind the density change, since fresh meltwater associated with the increase in IRD would have operated in the reverse sense, by decreasing the density signal. The highest δ 13 C G.b. and lowest δ 13 C C.t. correspond with increased primary productivity at Hole 642B as indicated from a low-resolution record of dinoflagellate cyst and acritarch accumulation rates (based on De Schepper et al. [2015] ) (Figure 4) , indicating an influence of productivity and decay of organic matter on the δ 13 C G.b. and δ 13 C C.t. , respectively. However, this relationship between carbon isotopes and accumulation rates is not constant through CP1, implying that increased ocean-atmosphere gas exchange and reduced bottom water ventilation were likely more important.
The transition into CP2 (circa 4.65 Ma) roughly corresponds to subsidence of the Hovgård Ridge and increased AMOC. The Hovgård Ridge in the Fram Strait may have been elevated until the late Miocene, partly restricting the flow through the Fram Strait as it gradually subsided until 4.7 Ma [Knies et al., 2014b] . A restricted (nonrestricted) exchange through the Fram Strait may have caused a stronger (weaker) RAC prior to (after) 4.7 Ma. The oceanographic changes linked to reduced exchange through the Fram Strait, in combination with the effects of a subaerial Barents Sea, could therefore have been important for creating the less dense and less well-ventilated bottom water before 4.65 Ma (Figure 4 ). However, it has also been argued that the Fram Strait was already wide and deep enough by 17.5-13.7 Ma to establish a good ventilation of the Arctic Ocean [Jakobsson et al., 2007] . In that case, no effect would be expected in the Nordic Seas.
The Caribbean and North Atlantic became gradually warmer and saltier from circa 4.6 Ma, enhancing the AMOC [Haug and Tiedemann, 1998; Sarnthein et al., 2009] (Figure 6 ), although the exact mechanism behind the enhanced AMOC is still discussed [Haug and Tiedemann, 1998; Lunt et al., 2008; Mestas-Nunez and Molnar, 2014; Sarnthein et al., 2009] . Regardless of the underlying driver, an intensified AMOC from circa 4.6 Ma would have brought warmer and saltier water to the North Atlantic, leading to a more evaporative high-latitude ocean and consequently increased salinities. Despite the influence of secondary processes on δ 18 O G.b. , there is a trend toward increased surface densities at Hole 642B after 4.65 Ma, which may be influenced by such a salinity increase. In that case most of the heat must have been released to the atmosphere before reaching the Nordic Seas, since the warm water would have led to a reduction in density (Figures 4  and 6 ). 5.4.2. Climate Phase 2 (CP2, 4.65-4.4 Ma) and the Transition Toward CP3 CP2 was distinct from CP1 and CP3, but its oceanographic conditions are less clear. The surface water density possibly increased from CP1, while the bottom water conditions are indicated to have been similar to the Holocene mean. There was a gradual reduction in primary production through CP2, seen both in δ 13 C G.b.
and the accumulation rate of dinoflagellate cysts and acritarchs (based on De Schepper et al. [2015] ), contributing to the increase in δ 13 C C.t. (Figure 4 ).
The transition into CP3, at circa 4.4 Ma, is less well defined than the other transitions, due to the scarce information available for CP2, but it occurred shortly after or together with the establishment of a strong E-W SST gradient in the Nordic Seas [De Schepper et al., 2015] (Figure 6 ). Contemporaneous with the first occurrence of Pacific mollusks in the Nordic Seas from circa 4.5 Ma, the EGC likely cooled and freshened, linked to inflow of fresh Pacific water via the Bering Strait [De Schepper et al., 2015] . Since the Canadian Archipelago was closed, more fresh Pacific-sourced water entered the EGC than today. As a consequence, an E-W temperature gradient developed in the Nordic Seas, with a well-defined NwAC and EGC [De Schepper et al., 2015] . It is also suggested that an erosional unconformity at the Erik Drift created at circa 4.5 Ma resulted from stronger deep currents linked to an intensified Denmark Strait Overflow [Bohrmann et al., 1990; Müller-Michaelis et al., 2013] . Establishing an intensified Denmark Strait Overflow after 4.5 Ma is in agreement with the eastern Nordic Seas ocean ventilation being comparable to the Holocene after circa 4.4 Ma, as is indicated by Hole 642B Δδ 13 C G.b.-C.t. (Figures 4 and 6) . (Figures 4 and 6) .
The transition between CP3 and CP4, at circa 4 Ma, corresponds to a distinct change in sediment provenance at the Yermak Plateau following a gradual long-term climatic cooling and initial glacial buildup [Knies et al., 2014b] . The occurrence of glaciers on Svalbard and seasonal sea ice at the Yermak Plateau from 4 Ma [Knies et al., 2014a] Figure 5 ). This time interval corresponds to when the warmest Pliocene SSTs are recorded in the North Atlantic [Federov et al., 2013; Lawrence et al., 2009] . Hence, it may be reasonable to assume that the possible lower surface water densities were linked to the high temperatures of Atlantic water entering the Nordic Seas. The carbon isotope records show that gas exchange/ventilation of the upper water column increased rapidly when entering CP4 and stayed strong, while the bottom water ventilation stayed reduced. The increased ocean-atmosphere gas exchange would also be consistent with increased ocean temperatures. 5.4.5. Climate Phase 5 (CP5, 3.65-3.42 Ma) and the Transition Toward CP6 The δ 18 O C.t. record from Hole 642B shows that the bottom water density remained close to Holocene mean values during CP5. A surface density increase, potentially linked to decreasing temperatures, is indicated, in line with the gradual intensification of Northern Hemisphere glaciation (NHG) from 3.6 Ma ( Figure 6 ) [Mudelsee and Raymo, 2005] . This interpretation has, however, low confidence, due to the uncertain effect of diagenetic calcite through CP5 and requires further testing with alternative surface water proxies. The δ 13 C G.b. values were higher than any recorded in the Holocene yet in contrast to CP1 the high δ 13 C G.b. values are not associated with high accumulation rates of dinoflagellate cysts and acritarchs (Figure 4) . Hence, strong ocean-atmosphere gas exchange may have taken place. Changes in Hole 642B δ 13 C C.t. indicate strong overturning circulation due to better ventilation of the bottom water during CP5, in line with arguments for an intensified AMOC [Haug and Tiedemann, 1998; Lunt et al., 2008; Sarnthein et al., 2009] .
The transition between CP5 and CP6, at circa 3.42 Ma, does not correspond with any known gateway changes (Figure 6 ), but it is also reflected in a shift toward colder vegetation in Northern Norway [Panitz et al., 2016] ( Figure 5 ) and a cooling step seen in the temperature record from Lake El'gygytgyn [Brigham-Grette et al., 2013] . These similarities hint at hemispheric-wide high-latitude cooling at the transition between CP5 and CP6, although the cause is uncertain. 5.4.6. Climate Phase 6 (CP6, 3.42-3.285 Ma) and the Transition Toward CP7 While δ
O C.t. indicate that the bottom water remained dense throughout CP6, the surface density is indicated to have increased until circa 3.35 Ma. We have noted the large uncertainty linked to this interpretation of δ 18 O G.b. given the evidence for diagenetic alteration of the calcite (section 5.1), but the pattern would be consistent with a cooling initiated following the onset of NHG from 3.6 Ma [Mudelsee and Raymo, 2005] toward the MIS M2 glaciation at circa 3.3 Ma. The δ 13 C C.t. shows stable conditions throughout CP6, comparable to the Holocene mean. The water column is indicated to have been well ventilated but slightly less so than during CP5.
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The transition between CP6 and CP7, at circa 3.285 Ma, corresponds with the deglaciation of the MIS M2 glaciation. It is suggested that the MIS M2 deglaciation occurred as a response to expansion and warming of the Caribbean warm pool essential for a reestablishment of strong AMOC and northward heat transport through the North Atlantic Current [De Schepper et al., 2013] . Buildup of surplus heat in the tropics is also suggested to be important for late Quaternary deglaciations [Rühlemann et al., 1999] . The suggested decrease in density at Hole 642B associated with this transition is likely associated with warmer temperatures in the eastern Nordic Seas (Figure 4) . Warmer Nordic Seas are also in line with establishment of a warmer vegetation in Northern Norway [Panitz et al., 2016] (Figure 5 ) and from Lake El'gygytgyn [Brigham-Grette et al., 2013] , again, hinting at a hemispheric-wide high-latitude response. 5.4.7. Climate Phase 7 (CP7, 3.285-3.14 Ma) During CP7, variable surface water conditions are indicated at Hole 642B. Despite the impact of diagenetic calcite on δ 18 O G.b. , both surface and bottom water densities were likely lower than during CP6 (Figures 4 and 5). A slightly reduced ocean-atmosphere gas exchange is indicated by the δ 13 C G.b. , relative to the preceding CPs, but it was still at the high end of Holocene values. With the exception of an event at 3.23 Ma when both δ 13 C G.b. and δ 18 O C.t. experienced a sharp decrease, the bottom water ventilation was comparable to the Holocene and, hence, well ventilated. Of all the Pliocene CPs, bottom water conditions were most similar to Holocene conditions during CP7.
How Do the Pliocene Climate Phases and the Transitions Link to Insolation Forcing?
As outlined in section 5.4, the new Pliocene climate records from the eastern Nordic Seas document lowfrequency changes in the characteristics of the water column. Seven climate phases lasting between 150,000 and 400,000 years, with distinct characteristics, are identified. Transitions between these phases cannot be explained solely by changes to atmospheric CO 2 concentrations and/or gateway changes. The onset of four of these climate phases, CP3, CP4, CP5, and CP7, occurred close to an amplitude minimum of Northern Hemisphere summer insolation and a minimum in eccentricity ( Figure 6 ). The pre-Pleistocene existence of low-frequency, large-amplitude changes in stable isotope records, linked to eccentricity, is known from tropical areas [Clemens and Tiedemann, 1997; Zachos et al., 1997] . It has been suggested that changes in continental geography and the land versus sea distribution may have a filtering effect that influences the amplification of the power in the eccentricity band [Short et al., 1991] . However, it is not clear how the effects of eccentricity on the tropics should be exported to high northern latitudes [Zachos et al., 2008] . In contrast, the onset of CP2 and CP6 occurs at the maximum amplitude of the insolation changes, corresponding to maximum eccentricity ( Figure 6 ). These transitions may be influenced by intensified seasonality related to the insolation forcing, in agreement with the potential decreases in temperatures indicated by the δ 18 O G.b. increases. Further work is required to better understand how these shorter windows of specific insolation forcing might be translated into the climate phases, which have longer duration and so may indicate some form of threshold response to shorter-timescale changes.
Summarizing: Paleogeography and/or Insolation Forcing?
The isotope records from Hole 642B detail a series of climate phases, and transitions between them, which are not comparable in their responses, even though the onset of several CPs occurs under comparable insolation forcing. Therefore, it is likely that the observed climate transitions result from a combination of lowfrequency insolation forcing and even slower, long-term tectonic changes. We reiterate here that due to variable impacts of diagenesis on the planktic foraminifer calcite, both the absolute values and amplitudes of change across these transitions may have been compromised, especially in δ 18 O G.b . Despite this, most of our defined climate transitions and inherent changes to the Nordic Seas oceanography can be linked to one or several known paleogeographic/paleoceanographic changes, changes in Arctic sea ice cover, and/or the onset of Northern Hemisphere glaciation ( Figure 6 ). As the perennial Arctic Ocean sea ice cover expanded to cover larger areas after 4 Ma, and the Northern Hemisphere ice sheets grew bigger following 3.6 Ma, feedback mechanisms related to albedo changes might also have been of importance. It is also important to consider that all of these interactions occurred on top of background conditions that were different to those of the present interglacial. There remains a need for further investigations of (1) the mechanistic linkages between the changing boundary conditions and the Pliocene Nordic Seas oceanography and (2) how the combination of gradual long-term changes of the external and internal forcing may lead to threshold behavior. 
